The objective of this study was to estimate and evaluate the general and specific combining abilities of hybrid combinations for energy biomass production, adopting the methodology of Griffing as adapted by Geraldi and Miranda Filho in evaluation cuts referring to two periods, the wet and dry seasons, and in relation to total dry matter yield (TDMY). The experiment was conducted at Pesagro Rio, located in Campos dos Goytacazes, RJ, Brazil, in a randomized block design with three replicates. Crosses were performed in a partial diallel system. Treatments consisted of 10 parents, 25 hybrid combinations, and 1 control. Three evaluation cuts were made: two in the wet season and one in the dry season. The following traits were evaluated: plant height, stem diameter, leaf width, number of tillers, percentage of dry matter, dry matter yield, and TDMY. Regarding the general combining ability effects, the parents "Cameroon-Piracicaba" and "Mercker" showed outstanding positive values. Of the hybrid combinations, "Cubano Pinda""Mercker", "Cameroon-Piracicaba""Três Rios", "Cameroon-Piracicaba""Mercker 86-México", "IAC-Campinas""Três Rios", "IAC-Campinas""Mercker 86-México", and "Guaçu IZ.2""Roxo" showed superior productive performance. Hybrids can be obtained with superior energy biomass production to that of the currently available elephant grass cultivars.
Introduction
Global warming in recent years has been a worldwide concern due to its effects on life on Earth. Such heating is derived from the high emission of greenhouse gases, such as carbon dioxide (CO 2 ), nitrogen atom oxides (NOx), and methane (CH 4 ), into the atmosphere after the Industrial Revolution. The amount of CO 2 is a recognized measure of environmental sustainability, and there is a common concern to reduce CO 2 emissions (Liu, 2014) .
Some crops have been used to achieve sustainable energy (bioenergy). Among them are castor bean and soybean, vegetable oil producers (Vaz et al., 2010) , sugarcane (Viator et al., 2012) , and elephant grass (Menezes et al., 2015) . The elephant grass species (Pennisetum purpureum Schum.) is highly efficient in the fixation of atmospheric CO 2 , and it can produce 60 t ha -1 of biomass per year (Morais et al., 2009 ). Biomass energy production is already a reality in Brazil, and there is a current demand for species and varieties for cultivation in different regions. Biomass is a promising source of renewable energy, as it has significant economic and environmental advantages, e.g., it is low cost and can be used to reduce CO 2 emissions (Ibrahim et al., 2014) .
With the employment of perennial plants for biomass production and efficient systems in this conversion, approximately 250 million hectares in the world could be used in the development of the bioenergy industry. The improvement in biomass production and quality can be achieved with advances in plant breeding (Samson et al., 2005) . According to Allwright and Taylor (2016) , the main goal of the improvement of bioenergy plants has been increasing yield per unit area without environmental degradation or the increase of agricultural inputs. The study of productive traits in elephant grass is of great importance for the success of breeding programs that aim at increasing yields (Silva et al., 2008) . According to Menezes et al. (2014) , features such as high stem diameter (SD) and number of tillers per linear meter (NT) are positively correlated with the production of dry matter, i.e., plants with the highest SD and NT are more productive.
Diallel analyses are useful in the estimate of parameters for the selection of parents for the hybridization and determination of the gene action controlling a trait. Thus, the presence of dominance deviations indicates that the exploration of the hybrid is favorable (Cruz et al., 2012) . Therefore, these analyses are important in the choice of the method for directing populations in a breeding program (Pimentel et al., 2013) . Among the most commonly used crossing arrangements is the Griffing (1956) method, which provides the estimate of the specific and general combining abilities (SCA and GCA, respectively) and a reduction in the number of crosses.
The objective of this study was to estimate and evaluate the GCA of parents and SCA of hybrid combinations for energy biomass production, adopting the methodology of Griffing (1956) as adapted by Geraldi and Miranda Filho (1988) in evaluation cuts referring to two periods, the wet and dry seasons, and in relation to total dry matter yield (TDMY).
Results and Discussion

Analysis of variance for combining ability
Observing the results of the analysis of variance of the mean of the two evaluation cuts in the wet season, the mean squares of GCA of Group 1 (female parents) were significant at 1% probability level for the traits SD, leaf width (LW), NT, and percentage of dry matter (%DM) and at 5% for the trait plant height (HGT). Only for the trait dry matter yield (DMY) was there no significance for GCA of Group 1. Regarding GCA of Group 2 (male parents), significance was detected for all traits evaluated in the wet-season cuts. For the traits LW, NT, and %DM, this significance was obtained at 1% probability, whereas, for the traits HGT, SD, and DMY, this significance was at the level of 5% probability (Table 1) . According to Rangel et al. (2007) , significance for GCA indicates sufficient variability in the parents due to additive genetic effects. These results may represent the existence of variability resulting from the gene action of additive and nonadditive effects on the control of gene expression . The presence of significant effects for GCA for the evaluated traits indicates that the parents differed from each other in the frequency of favorable alleles, with some more promising than others for the production of superior hybrids (Pfann et al., 2009) .
The mean squares for SCA of the traits SD and %DM were not significant at 5% probability level by the F test in the wet-season evaluation cuts. The mean squares for SCA of the other morphoagronomic traits evaluated showed significance at 1% probability. The significance of the mean squares for SCA indicates the presence of non-additive gene effects involved in the control of these traits (Sibiya et al., 2011) and that some hybrid combinations tend to show different performance than the expected based on GCA. In the contrast between groups for the morphoagronomic traits in the mean between the two evaluation cuts in the wet season, only the mean squares of the traits HGT and LW were significant at the level of 1% probability by the F test (Table 1 ). This fact evidences that, for the traits SD, NT, %DM, and DMY, the average number of favorable alleles is similar in both groups of parents as a result of the presence of productive genotypes in both groups (Pimentel et al., 2013) .
In the evaluation cut corresponding to the growth period in the dry season, it was observed that, regarding Group 1 (female parents), significance was present at 1% probability level for the traits SD, LW, and NT. For the traits HGT, %DM, and DMY, no significant differences were detected ( Table 1 ). The same occurred in the evaluation cut of the wet season, in which the mean squares of the trait DMY were not significant according to the F test.
Concerning GCA of Group 2 (male parents), the traits %DM and DMY were significant at 1% and HGT at 5% probability by the F test. For GCA of Group 2 in the dryseason cut, %DM and DMY were not significant. This did not occur in the evaluation cut corresponding to the growth of elephant grass in the wet season, in which %DM and DMY displayed significance by the F test. In this period, the mean squares of GCA, for Group 2, of all evaluated morphoagronomic traits were significant at 1% or 5% probability (Table 1) . Adverse conditions (lack of precipitation, low or decreased temperature, and light interception), as observed in the dry season, facilitate the selection of superior genotypes because of the greater variability, which did not occur in the present study.
As regards SCA, only the trait HGT did not show significant differences by the F test. The other traits showed significance at 1% (LW and DMY) or 5% (SD, NT, and %DM) probability, unlike what occurred in the wet-season cut, in which the mean squares of the traits SD and %DM were not significant. The presence of significant mean squares for SCA indicates the prevalence of non-additive effects and that the hybrids can be explored (Medeiros et al., 2014) . No significance of the mean squares between the groups was detected for the traits HGT, SD, NT, and DMY. Only the mean squares of the traits LW and %DM showed significance by the F test in the dry-season evaluation cut (Table 1) ; this result was different in the evaluation cuts corresponding to the wet season.
Estimates of the effects of GCA
Analyzing GCA estimates (ĝ i ) in the cuts referring to the growth period during the wet season, it was observed that, for the trait HGT, the genotypes that stood out with positive values were parent P4 with 0.0840 and parent P9 with 0.0784. Parent P7 stood out with a negative estimate of -0.0716 for ĝ i . These results indicate that, when genotypes P4 and P9 are selected as parents in crosses, hybrids with higher HGT will be produced, unlike what occurs when genotype P7 is selected; in the latter case, there is a trend towards decreased HGT in its progeny. The trait SD in the wet-season cuts showed parents P8 and P1 as noteworthy, with positive values of 0.0544 and 0.0469, respectively, and parent P3 with the negative value of -0.0798 (Table 2) . High ĝ i values, either positive or negative, indicate that a certain parent is superior or inferior, resulting in desirable or undesirable combinations when associated with different parents (Vivas et al., 2012) . In the cuts during the wet season, the positive and negative highlights for the trait LW were parent P6 with the value of 0.1858 and parent P4 with -0.1491. When aiming to increase this trait, parent P6 is recommended. The use of parent P10 in crosses may lead to a reduction in NT, %DM, and DMY, which is not desirable in elephant grass genetic breeding programs for biomass energy purposes in growth periods during the wet season. However, observing the results, parents P4, P6, and P9 show potential to be used in these breeding programs because of the outstanding positive ĝ i values for %DM and DMY. The %DM values for these genotypes were 1.1389 for parent P6, 1.2344 for parent P4, and 1.1344 for parent P9. As regards DMY, the values were 1.0459 for parent P6, 0.8628 for parent P4, and 0.7110 for parent P9. Parent P2 displayed an outstanding high ĝ i value for DMY (0.7692), but this same effect was negative for %DM (Table 2 ).
In the analysis of the ĝ i effects in the evaluation cut made during the dry season, parent P2, despite not standing out for the traits HGT, SD, LW, NT, and %DM, showed the highest ĝ i value (1.1501) for DMY. This means that the use of parent P2 is promising in elephant grass breeding programs aimed at 6.3327 **Significant at 1% probability level; *significant at 5% probability level;
ns not significant at 5% probability level according to the F test. **Significant at 1% probability level; *significant at 5% probability level; ns not significant at 5% probability level according to the F test.
increased biomass production. This female parent obtained the third highest value (0.7692) for the ĝ i effect in the wetseason cuts. The second (0.3855) and third (0.3324) highest positive values of the ĝ i effect belonged to parents P7 and P6 (Table 3) . Parent P4 in the wet-season cut obtained a negative ĝ i estimate (-0.6907) for DMY (Table 2) . Because in elephant grass there are no recommended genotypes for growth in different periods (wet and dry), when aiming at improving biomass energy production, one should select genotypes with stable production in different environments.
Estimates of the effects of specific capacity and analysis of heterosis
The effects of SCA (ŝ ij ) are measurements of non-additive genetic effects. The negative sign indicates the existence of unidirectional dominance deviations; the higher the divergence of the parent in relation to the other evaluated parents, the higher will be the absolute value of ŝ ij (Cruz et al., 2012) . According to Griffing (1956) , the best hybrid combinations are those with higher ŝ ij effects, with parents showing high GCA. The ŝ ij effects of the highest positive magnitude for the trait HGT were found in hybrid combinations H17, H18, and H25 in the evaluation cuts made during the wet season. The respective values were 0.2570 for H17, 0.3204 for H18, and 0.2347 for H25. However, only combinations H17 and H18 had a parent with noteworthy ĝ i effect for HGT among the parents evaluated in the wet-season cuts. Combinations H2 and H20 had outstanding positive values for the trait LW: 0.1840 and 0.1295, respectively. However, these hybrid combinations showed negative ŝ ij values of -11.4625 and -7.8247 for the trait NT and -6.1699 and -0.6131 for DMY, respectively (Table 2) . Thus, these hybrid combinations are not promising, as the objective is the positive association between these evaluated traits .
Regarding biomass production (DMY), hybrid combinations H16, H20, H22, H21, and H24 generated a negative ŝ ij effect, with -0.4199, -0.6131, -0.1210, -0.5865, and -0.5116, respectively, in the evaluation cut referring to the wet season. These results indicate the use of these hybrid combinations in breeding programs for energy biomass production, as the possibility of genetic gain is low because of the negative ŝ ij estimates, although these values were of low magnitude. Hybrids H1, H7, H17, H18, and H25 obtained positive values of high magnitude (divergence between parents) for ŝ ij in the evaluation cuts in the wet season. The values of the ŝ ij effect for combinations H1, H7, H17, H18, and H25 were 4. 2966, 3.4232, 3.1226, 4.3077, and 4.5503 (Table 2 ) These positive outstanding ŝ ij values indicate the possibility of genetic gains for DMY in these hybrid combinations.
In the dry-season cut, with regard to the trait SD, the highest values for ŝ ij effect were found within combinations H3 and H19, whose parents showed negative ĝ i values. The ŝ ij effect values were 0.4123 for H3 and 0.3901 for H19. The trait HGT showed the highest positive effects of SCA for hybrids H7, H12, H13, H18, and H24, with 0.3435, 0.1557, 0.1646, 0.1543, and 0.4068, respectively (Table 3) . These results are favorable when using elephant grass for energy production, as, according to Rossi et al. (2014) , who analyzed the canonical correlation between the morphoagronomic and biomass quality traits, there is a positive correlation between HGT and the percentage of cellulose and lignin. This is because, as the plant ages, the proportion of stem in the harvested material also increases.
In the dry-season cut, for the trait NT, the hybrid combinations that showed the highest positive values for the ŝ ij effect were H4, H8, H18, and H25, with 8.1446, 10.4068, 9.6346, and 8.1835, respectively. Combinations H8 and H18 presented, in addition to NT, the traits %DM and DMY with outstanding values for the ŝ ij effect. Combination H8 displayed an ŝ ij value of 6.1544 for %DM and 4.6933 for DMY. Combination H18 showed 4.6933 for %DM and 1.8385 for DMY (Table 3 ). In the analysis of the trait DMY separately, in the dry-season cut, it was observed that the hybrid combinations H7, H8, and H17 showed outstanding positive values for the ŝ ij effect: 2.4902, 4.0117, and 3.7140, respectively (Table 3) . Evaluating the combining ability of interspecific hybrids between elephant grass and millet in a partial diallel system, Pereira et al. (2006) observed that the breeding strategy of intraspecific crossing in elephant grass, for the traits NT, %DM, and DMY, may provide gains resulting from the greater variability existing among elephant grass genotypes.
Combining ability analysis for the production of total dry matter
Analyzing the results of the analysis of variance for TDMY, it was observed that the hybrid combinations were not similar to the parents, so good hybrids can be obtained from the set of parents evaluated in the present study. This is because of the presence of significant differences (P<0.05) for SCA (Table 4) . For the ĝ i effects for TDMY, parents P2 and P6 showed outstanding positive values (2.6876 and 2.4241, respectively). These same parents showed noteworthy ĝ i effects in the evaluation during the wet and dry seasons (Tables 2 and 3 ), i.e., these genotypes can be used in breeding programs aiming to obtain hybrid combinations with high biomass energy production. This result corroborates the findings of Oliveira et al. (2014) , in which the genotype "Cameroon-Piracicaba" was classified into the elite group for the production of alternative energy from biomass. According to Souza Sobrinho et al. (2005) , hybrids with stable performance in successive cuts should be selected, especially for DMY. Based on this information, on the effects of ŝ ij , and on the relative heterosis for the trait, it is concluded that, for biomass energy production, combinations H1, H7, H8, H17, H18, and H25 showed the highest ŝ ij and relative heterosis values for TDMY (Table 4) , i.e., genetic gain can be obtained using these materials in genetic breeding programs. However, the selection of these genotypes in this study was based on the average of the plot, and hybrid combinations are heterogeneous. Because of these two factors, it is recommended to evaluate these genotypes within and between families, as occurs in the sugarcane crop. Knowing the potential of genotypes as parents and the best hybrid combinations is important in the generation of superior families, although, after this selection, superior clones within the same family should be evaluated and identified (Lucius et al. 2014 ).
Materials and Methods
Growth condition and genetic materials
The experiment was conducted in the experimental station of Pesagro Rio, located in Campos dos Goytacazes, RJ, Brazil (211923S and 411940W; 20 m altitude) , where the climate is classified as a Köppen A W type. The soil is classified as a dystrophic Ultisol. Total precipitation recorded during the first, second, and third cuts were 556.8, 322.8, and 648 mm, respectively. The female parents were chosen based on the flowering period (late flowering) and on their morphoagronomic traits (DMY, SD, and NT). The male parents were chosen based on the genetic divergence in relation to the female parents (Lima et al., 2011) and on their morphoagronomic traits (DMY, SD, and NT). Crosses were made between these groups of parents in a 55 partial diallel system (Table 5) . Planting took place in June 2012. After the establishment phase, in October 2012 (90 days after planting), all genotypes were cut near the soil level (plotleveling cut). Three evaluation cuts were made every 6 months such that the first, second, and third cuts would be made in April 2013, October 2013, and April 2014, respectively. Thus, two cuts were made in the wet season (from October 2012 to April 2013 and from October 2013 to April 2014) and one in the dry season (from April to October 2013).
Morphoagronomic traits evaluated
The following traits were evaluated: HGT, measurements of three random plants were taken per plot; SD, diameters of the stem of three plants were measured at random in each plot, approximately 20 cm above the soil; LW, measured in the central part of the first fully expanded leaf of three plants at random per plot; NT, by counting the NT in a 1.5-m row of the plot and converting the result to NT; %DM, obtained by multiplying the air-and oven-dried sample values; DMY, estimated from the %DM and the weight of tillers in 1.5 m in each plot; and TDMY, the sum of the DMY from the three evaluation cuts. Results were transformed to be expressed as t ha -1 .
Statistical analysis
A randomized block design with three replicates was adopted. The experimental unit consisted of 3-m rows spaced 1.5 m apart, in which only 1.5 m within the rows were considered useful area, discarding the extremities. The diallel analysis methodology proposed by Griffing (1956) was employed, adapted to partial diallel crosses by Geraldi and Miranda Filho (1988) , which estimates GCA and SCA. In the case of the trait TDMY, the relative heterosis was also estimated. Analyses were performed on the Genes computer software (Cruz, 2013) .
Conclusions
The presence of non-additive genetic effects involves the control of most of the evaluated traits. Parents "CameroonPiracicaba" and "Mercker" show outstanding positive values for GCA. Aiming at genetic gains for biomass energy production, the selection of "Cubano Pinda""Mercker", "Cameroon-Piracicaba""Três Rios", "CameroonPiracicaba""Mercker 86-México", "IAC-Campinas""Três Rios", "IAC-Campinas""Mercker 86-México", and "Guaçu IZ.2""Roxo" is recommended.
